Abstract
Introduction
However, to the best of our knowledge, all these studies have been limited to a single long branch.
integration approach for the fault nodes is a central-difference explicit formulation as follows:
where˙represents the partial derivative with respect to time and the superscript n indicates the 118 time step index. M is the lumped mass matrix. T n is the traction on the fault interface based 119 on the fault discontinuity condition. The fault discontinuity condition is implemented using the
120
Traction at Split Nodes (TSN) method [Day1982] . f is the internal force due to the deformation 121 of the solid and ∆t the time step.
123
For the interior nodes in the FEM domain, the step-by-step time integration approach is as follows:
The rest of the domain, which is homogeneous and linear-elastic, may be modeled as two half spaces 124 coupled with this strip on each side (S + , S − ). The elastodynamic response of these half spaces is 125 modeled using the SBI technique. Throughout the simulation, the two methods communicate along 126 the virtual boundaries of the strip by exchanging displacement and traction boundary conditions.
127
The spectral formulation for this method gives an exact form of such a relationship in the Fourier 
where subscripts 1 and 2 represent fault-parallel and fault-normal direction respectively, ± rep-134 resents upper and lower half-plane, c p is the pressure wave speed, c s is the shear wave speed, τ 0 i
135
indicates the externally applied load (i.e., at infinity); and f i are linear functionals of the prior 136 deformation history and are computed by the time convolution in the Fourier domain.
138
The coupling of the two methods is done as follows. 
Return to
Step 1 to advance to the next time step.
150
For a full description of the hybrid scheme, its verification, and some of its prior applications please 151 refer to [Ma et al.2018] . In this paper, we consider both linear elastic material and elasto-plastic material. 
where ε ij is the infinitesimal strain tensor and µ, λ are the Lamé parameters. In this paper, we also consider the off-fault material to be idealized with the Drucker-Prager F (σ ij ) = J 2 − (A + BI 1 )
Here, I 1 = σ kk is the first invariant of the Cauchy stress σ ij and J 2 = s ij s ij /2 is the second to describe the Morh-Coulomb yield surface. When F (σ ij ) < 0, the material response is elastic.
178
Plastic flow is partitioned between various components of the plastic strain rate tensor by the flow 179 rule. Neglecting the effect of plastic dilatancy we have: In this paper, all the faults are governed by the slip-weakening friction law [Ida1972] . The frictional 186 strength is given by
where f s and f d are the static and dynamic frictional coefficients and D c the critical slip required 188 for stress to reach the dynamic value. Continuity of displacements at the fault is enforced (i.e., 
Here, µ is the shear modulus, D c is the characteristic slip distance, τ s is the static frictional stress and τ d is the dynamic frictional stress. studies [DeDontney et al.2012 , Xu et al.2015b .
where the shear strength τ evolves over a finite time scale (t * ). 
In Eq. 12 above, ψ is the angle of internal friction, and θ p is the maximum principle stress direction.
216
The secondary faults have constant spacing L s along the fault strike. We assume the domain is in static equilibrium at time t = 0. We consistently resolve the normal 230 stress σ N and tangential stress τ on all the faults from the background stress σ xx , σ yy and σ xy 231 using Eq. 13 .
where θ is the angle between secondary faults and the horizontal direction. τ )/(τ − τ d ), which quantifies the closeness of initial stress to failure relative to the stress drop.
244
For this study, we are considering background stress conditions which correspond to strength 245 parameter S = 2 on the main fault. Thus, the ambient stress conditions favor sub-Rayleigh 246 rupture propagation on the main fault.
247

Results
248
To normalize our results, we adopt the following dimensionless quantities for length, time, slip, 249 slip rate, and stress: The secondary faults have a significant effect on the post-rupture stress distribution. Fig. 2 Another major result in this paper is the influence of secondary branches on the high-frequency 291 generation in the bulk. Fig. 3 shows the near-field particle velocity for both cases with and 292 without the secondary branches. For the homogeneous medium, the wave field is smooth almost 293 everywhere with concentration of high frequencies neat the rupture tips. On the other hand, for the 294 medium with branches, we observe coherent wave fronts that are propagating away from the tips 295 and spaced apart periodically, consistent with the periodic distribution of the secondary branches.
296
These coherent fronts are generated due to the constructive interference of seismic radiation from 297 the secondary faults. We have also included videos for the process of high frequency generation in
298
Supplementary Materials 2 and 3.
300
To demonstrate the enhanced generation of high frequencies for the case with the fish bone struc- these undulations is small, they may contribute, over several cycles, to the evolution of the main 318 fault roughness.
319
To gain further insight into the dynamics of the branch faults, we show in Fig. 6 scale. Drucker-Prager plasticity is used as described in Section 2. secondary branches lead to a significant reduction in the peak slip rate on the main fault. Cases
398
with off-fault plasticity also show a reduction in the peak slip rate compared to the elastic case.
399
The existence of secondary branches also leads to high-frequency oscillations in the peak slip rate as 400 the rupture propagates, indicative of enhanced radiation efficiency and high-frequency generation.
401
After the rupture on the main fault has propagated beyond the region with the fish bone architec- For the parameters shown in Table 1 may reduce the stress concentrations generated by the fish bone structure.
553
The parametric study conducted here related to the effect of secondary faults length, spacing,
554
and orientation, provides new insights into how a main fault and a system of secondary faults 555 may interact. We have found that a crack shielding phenomenon emerges as the length of the 556 secondary faults in the sense that slip amplitude goes up and down along subsequent branches.
557
Larger secondary fault length or larger spacing between the secondary faults generate stronger 558 slip rate and stress perturbations and may lead to slower rupture propagation on the main fault.
559
Secondary faults with orientation close to the direction of optimally oriented shear plane generate 560 larger stress changes on the main fault than branches rotated away from the optimal directions.
Similar effects on stress complexity were identified in a previous study on the effect of a single In this paper, for modeling energy dissipation at scales smaller than the scale that is explicitly
580
represented by the secondary branches, we adopted the rate-independent Drucker-Prager plasticity 581 model. Without any regularization technique, the model is prone to artificial strain localization.
582
While the stress concentration at the tips of the secondary branches is physical and necessitates a 583 concentration in the plastic strain, a robust feature in our model that seems to persist at different 584 resolutions, the orientation of the localization band shown in Fig. 8 importance of considering near-fault complexities when performing dynamic rupture simulations.
632
The main conclusions may be summarized as follows:
633
• The secondary faults increase the overall energy dissipation leading to a reduction in the slip, 634 peak slip rate, and rupture propagation on the main fault.
635
• The activation of the secondary faults may lead to backward propagating ripples in the slip 636 rate that increases slip far from the rupture tip.
637
• Rupture activation, propagation, and arrest on the secondary branches lead to a strongly 638 heterogeneous normal and shear stress field on the main fault. These heterogeneities may 639 potentially be large enough to cause fault opening or shear stress reversal. The complex 640 post-event stress field would not have been generated using continuum plasticity models.
641
• The interaction of the seismic waves generated by the secondary branches promotes high-642 frequency generation and generate high-frequency fluctuations on the computed seismograms.
643
• The secondary branches lead to the evolution of normal undulations in the main fault strike. Here we present an example calculation of using Linear Elastic Fracture Mechanics to predict the 655 stress perturbation pattern on the main fault due to the presence of a secondary fault in its vicinity.
656
We idealize the secondary fault as a Mode II finite length crack in an infinite domain. From [Sun
657
and Jin2012], the stress distribution around the crack tip in this case is given by Eq. A.1
where K II is the stress intensity factor for Mode II fracture. φ and r are the angle and radius in From Eq. A.1, we compute the stress tensor σ from which we may compute the normal traction 662 component σ n and the tangential component τ on the main fault as given by Eq. A.2:
Where n is the vector normal to plane of the main fault. The results are plotted in Fig. A E., Lei, Z., Knight, E. E., Munjiza, A., Satriano, C., Baize, S., Langridge, R., and Bhat, H. S. Figure 1 : Schematic of the complex fault zone structure considered in this paper. The main fault lies horizontally in the middle of the domain, and the secondary branches are located in a limited region on one side of the fault (tension side). Following [Poliakov et al.2002] we call this setup a fish bone structure. All secondary faults are contained in a narrow virtual strip of dimensions L × W that is discretized using the Finite element method (FEM). On the upper and lower edges S + and S − , the FEM is coupled with the Spectral Boundary Integral Equation which exactly model the exterior homogeneous elastic half spaces. Tractions and displacements are consistently exchanged between the two methods at the shared nodes. The details of the coupling is outlined in the text. σ max and σ min represents the maximum and minimum principle stresses respectively. θ p is the angle between the maximum principle stress and the main fault parallel direction. L s is the spacing between the secondary fault, θ is the angle between the secondary fault and the main fault. L f is the secondary fault length. Coherent high frequency generation emerge in the case of the fault with secondary branches (fish bone structure) and propagate away from the fault plane as concentric fringes. These high frequency waves are generated as a result of the constructive interference between the waves emitted by the the secondary branches. In the homogeneous case the high frequency wave field is localized near the rupture fronts. We have also included videos for the process of high frequency generation in Supplementary Materials 2 and 3. The homogeneous case with either elastic or elastoplastic material models shows similar normalized frictional energy dissipation. The fish bone structure with elastic material has lower normalized frictional dissipation on the main fault than the homogeneous case due to off-fault energy dissipation by frictional sliding on the secondary branches. The fish bone structure with plasticity dissipate the least energy on the main fault as frictional heat among the four cases because more energy is being dissipated by the localized plastic deformation at the tips of the secondary faults. Longer secondary faults promote a more complex pattern of stress perturbations on the main fault and lead to further reduction in the main rupture propagation speed. 
